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Metrology gauges for spatial interferometry
Yekta Giirsel

Jet Propulsion Laboratory
Cdlifornia Institute of Technology
4800 Oak Grove Dr., Pasadena, CA 91109

ABSTRACT

Heterodyne interferometers have been commercially available for many years. in addition, many versions have
been built at JPL for various projects. This activity is aimed a improving the accuracy of suchinterferometers
fromthe 1-30 nanometer level to the picometer level for use in the proposed Stellar Interferometry Mission (SIM)
as wctrology gauges. Inthe null-gauge configuration, wc obtaitied a precision of 0.6 picometers at time scales of
2,500 scconds. In the relative-gauge configuration, we obtained an accuracy of 0.13 picometers rmsin vacuum a
time scales of few minutes, using a better constructed instrument with higher signal to noise ratio.

1. INTRODUCTION

The Stellar Interferometry Mission (SIM) requires metrology interferometers with a relative accuracy of 1-2 root-
Jnmm-squared (rins) picometers to attain its design goals. 1nthe current design, these interferometers are onc-long-
arm, heterodyne interferometers which monitor the distance between two fiducials.

Two different implementations of the basic gauge architecture have been examined. The null-gauge experiment
determines the ultimate precision of heterodyne interferometers by using two of these with spatially coin cident
beams. The relative-gauge experiment determines the extent of systematic errors which are absent in the! null
con figuration by measuring small distances (few wavelengths of light) from a given set point.

The descriptions of these experiments were first published in two SPIE proceedings®5  This paper combines
the results published in these proceedings and introduces the next step in linear metrology, namely auto-aligning,
3-dimensional, picometer metrology gauge 6.

2. NULL METROLOGY G AUGE

The null-metrology gauge consists of two heterodyne interferometers with spatialy coincident light paths. As our
vacuum chamber had not yet been delivered at the time this experiment was performed, we chose thisscheme
to eliminate theeffect of the density fluctuations in air which limit the accuracy of theinterferometers to ~10
nanometers rms. Onc of the interferometers is used to servo the distance being monitored to the null of the
interferometer, while the other interferometer is used as a read-out device.

The schematic layout of the experiment is shownin Fig. 1. Thelight from a frequency-stabilized He-Ne laser
impinges on a45 degree linear polarizer. The light fromn the output of the polarizer is separated into two orthogonal
polarizations (S and 1') by a suitably placed polarizing beam splitter. Fach of these polarizations is then routed
through an acousto-optic modulator.

These modulators are driven by CB3 radios with a frequency difference of 10 kHz.  The frequency sh ifted
beams arc then recoribined by another polarizing beam splitter. The recombined beamn is sent through a pin- hole
assembly to spatiadly filt er tile bearn. The spatial filter ing, dso makes the output beam insensitive to the directional
fluctuations of the input beam.

A small part of this beam is then diverted into a 45 degree polarizer and a photodiode which acts a reference
detector. The rest of the beam enters a bealn-launcher assembly which consists of a polarizing beam splitter and
two quarter-wave plates. Half of the beam directly passes through the polarizing beamn splitter and strikes the




Figure 1: The Null Metrology Gauge
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photodetector after passing through a 45 degree polarizer. The other half of the beam maim a round trip between

the corner cubes and exits the inter’ feromcter coincident with the first half of the beam and hits the photodetector
after passing through the same polarizer. The corner cubes are separated by a nominal distance of ~ 75 cin.

The relative phase of the signal coming out of the latter photodetector (the unknown photodetector) with
respect to the phase of the signal coming out of the reference detector is directly a measure of the distance between
the two corner cubes. In effect, the heterodyne interferometer converts an actual path-length change of one light
wavclengthinto a phase change of one cycle of a sinusoidal wave a a frequency equal to the difference between the
two driving frequencies of the acousto-optic modulators 3

The set-u~) as described above counsists of a single heterodyne interferometer. In order to place another inter-
ferometer which has very-llearly-ttl[:-salrjc optical path, we added another driving signal to one of the modulators.
The frequency of thisdriving signal is 20 kHz more than the frequency of thesignal applied to the other modulator.

Inthis case, the outputs of the reference and the unknown photodetectors contain 3 signals at the frequencies
of 10 k%, 20 kHz and 30 kHz. The 10 kHz and the 20 kliz signals are separated from each other and the 30 kHz.
signal by an asscinbly of notch filters which aso perform some 120 Hz humreject ion to enable us to work under
normal lighti ng without saturating the amplifiers.

These sinusoidal signals are amplified and converted iuto square-v’'avc signals by a post-amplifier circuit con-
sisting of fillers and comparators. The square-wave signals arc thenfed into a phase digitizer which digitizes the
relative phase of the 10 kHz unkiown, 20 kHz reference and the 20 kHz unknown signals with respect to the phase
of the 10 kHz reference signal.

The relative phase signal from the 10 kHzinterferometer is digitally processed and converted back into au
analog feedback signal which is applied to a piezo-electric transducer. This transducer translates one of the corner
cubes to hold the 10 klzinter ferometer a null.

The relative phase signals from both interferometers are digitally recorded on a magnetic disk during the
experiment. The data are analyzed after the recording is completed.

Theresults of various ruus between March18,1992 and April 23, 1992 are shown in Fig. 2. The Allan deviation
(sguare root of Allanvariance) of the difference between the 10 kHz and the 20 kHz interferometer signas is plotted
as a function of the integration time. The curve which has the largest overal Allandeviation is plotted using our
first data. The curve which has the lowest overall Allan deviation was plotted using data taken 011 April 23, 1992.




Figure 2: Null metrology results
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The reason for the dramatic improvement was the elimination of scattered light reflected back towards the laser.
The servo system had also been improved during that tirme which lowered the low-integration-time parts of the
curve. The best result using this configuration was a difference deviation of 1.3 picometers a an integration time
of 100 scconds. The curve then slowly rose to 2 picometers a integration times close to 4,000 seconds.

We determined the cause of the upward drift at long integration timnesto be the temperature sensitivity Of the
clectronic circuits which amplify and shape the analog signals. As the data were being taken, the drifting room
temperature caused the various Components in the electronics circuits to drift. Since the 10 kHzand the 20 kHz

interferometers used different sets of electronics, a time varying phase difference was introduced because of the
small differences between the circuits due to component tolerances.

Toreduce the effect of this temperature related slow drift, we constructed aswitching network which swapped
the entire sets of amplifier and shaping circuits between the interferometers at regular intervals (30 sec). The
circuits were also upgraded using low teinperaturce coeflicient, precision components.

The results of these modifications is shown in Fig. 3. As a reference, the Allan deviation fromn the April 11,
1992 data is also shown. The new data give an Allan deviation for the difference signal between the interferomcters
which reaches down to 0.6 picometers at integration times of 2,500 scconds aud it stays under 2 picometers at
integration times Of 10,000 scconds.

3. RELATIVE METROLOGY GAUGE

The relative metrology gauge consists of two heterodyne interferometers with spatially separated paths as shown
in Fig. 4 and Fig. 5. Since the physical laser beams do not overlap, each acousto-optic modulator is driven with a
single frequency. The frequency difference between the drives to the acousto-optic modulators is 10 kHz. One of
the interferometers is used to servo the distance between the corner cubes to a slowly varying separation, while the
other interferometer is used as a read-out device.

The relative metrology experiment is designed to classify and eliminate various sources of systematic errors
which arc absent in a null-metrology gauge. The polarization leakage caused by several iinperfect optical elements
(Iig. G) causes a systematic error at the output of the interferometer which is a periodic function of the distance
between the corner cubes with a period of exactly one wavelength. The amplitude of this systematic error could
be as large as 10 nanometers.




Figure 3: Null metrology with electronic switching
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Figure 4: Relative metrology interferometer (@)
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Figure 5: Relative metrology interferometer (b)
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Figure 6: Polarization leakage (self-interference)
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Figure 7: Cyclic averaging
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These systematic errors can be classified into two categories: The periodic systemnatic errors due to the polar-
ization leakage with a period of exactly one wavelength and the systematic errors caused by temperature gradients
which appear as a small linear drift over short time scales between the readings of the interferometers. In this
paper, we will consider only the periodic systematic errors. The temperature gradient related errors are minimized
by actively stabilizing the temperature of various optical components and by performing the relative measurecients
quickly before a significant drift accuinulates.

The periodic systematic errors are eliminated by using a method known as cyclic averaging (Fig. 7). This is
implemented by either modulating the distance to be mecasured with a piezoelectric transducer or by sweeping
the laser frequency at a fast rate compared to the changesin the distance being ineasured. The amplitude of the
modulation is chosen to be several wavelengths of light. The output of each interferometer isrecorded at a rate to
guarantec many readings during one wavelength of motion due to modulation. The true output of tile interferometer
at the center of modulation is computed to be the average over one exact wavelength of the modulated readings
around the center of modulation.

Inthe actual experiment, a wavelength is divided in 64 equal parts. The servo is used to advance the distance
by onesixty -fourth of a wave at a time while covering several wavelengths. At each step afew seconds of data
is collected from the interferometers. The average vaue of each interferometer reading over this time interval is
subtracted from each other.in the absence of any systematic errors, this difference is of the order of few’ picometers
as determined by the null gauge. Since thelaser beams travel through different parts of the optical components,
the systematic err ors which are present on the interferometer signals are different and do not cancel out when the
readings of the two interferometers are subtracted.

Fig. 8 shows theresult of cyclic averaging applied to the difference signal between the two interferometers. 1'he
data are takenin acloscxl vacuum chamber under atinospheric pressure. After the lincar diift is taken out, the
residual error is 31 picometers rins.

Fig. 9 shows the same experiment performed under vacuum after cyclic averaging. After the lincar drift is taken
out, the residua error is 10 picometers rins.

If theamnplitude of the self-interfcmlice is changing due to various alignment drifts, cyclicly averaging the data
mice will notremove al the systematic errors. Inthis case, the cyclic averaging can be used repeatedly until al
systematic errors disappear. The actual gauge signal can berecovered after these integrations provided that the
true signal is varying slowly compared to the total integration time.




To illustrate this, consider the following expression representing the difference betweenthe two interferometer
signals with non-linearities and drift:

N ML
Interf; — Interfsy =- Z: a;xt 4+ }_: 2: bjka:"' sin(2jnx) (1)
iz.0 j k= 0

where a; and bj are constants. z is the distance traveled by thecornercubewith the piezoelectric transducer.
. N ; . . M s AL .
T'he term }lfv o @i represents the drift between the two interferometers and the tom1>,j: %},k: Objkark> sin(2jma)
represents the systematic errors with non-lincarities and drifting amplitudes.

A typicalterm containing the systematic errors is of the form 2*sin(2j7xz). Cyclically averaging this gives:

AL kq*~1.1 lower order Eoqott )
/ a* sin(2jna)y de = - - ¢ - cos(2jmg) + - . 2k Ycos(2jm x) de (2)
q ( 29m ) 29

Note that cyclically averaging once reduces the exponent z* from k to k — 1. Hence, after k -} 1 integrations the
term ¥ sin(2772) will vanish. In general, if the highest power in the self-illterferwlce term is I,,thenl, -t 1 cyclic
averagings arce needed to comnpletely remove self-inter ference.

The termrepresenting the drift can be recovered after these operations. To illustrate this, let N = 2 in the drift
term. Then,

drift = ag - @, - apa® (3)

After cyclicaly averaging L times:

< drift >p= a0 +(1./2)ar +(L/4)(1 + 1 [3)az+{a14 Lag)a + apa? (4

Therefore, ay canbe obtained by a fit; @ canbe obtained using @2 and the lincar coeflicient of the fit; a,can
be obtained using a2, a; and the constant term of the fit.

Fig. 10 shows the difference between the two interferometer signals after radiative thermal shields are inst ailed
over the experiment in vacuum. Fig. 11 shows the difference after three cyclic averagings and the removal of linear
drift. The residua error is 3.5 picometersrims. The linear drift is 33 picometers per wavelength. In this particular
experiment, one wavelength was scanned in 2 i nutes usi ng 64 steps.

4, IMPROVEDRELATIVE METROLOGY G AUGE

Much of the 3.5 picomneters rins error is due to the relative thernal drifts between the two heterodyne interferometers
in the relative gauge. In our test, allcomponents Of the interferometers including the heat producing acoudsto-optic
modulators are mounted on the same optical bench simulating a measurement system in a small spacecraft. In the
tests performedin our previous paper,no external thermal regulation was applied other than the thermal insulation
provided by the stainless steel vacuum chamber and elastomer seismic isolation pads inside the chamber.

Theimproved test configuration is shown in Fig. 12. Fntire vacuum chamber is thermally insulated frora the
ambient air by 2 inches of high density foamn. In addition, a radiative thermal shield completely enclosing the
relative gauge is installed inside the vacuum chamber. Three teinperature sensors ae monitoring the temperature
of the skin of the chamber, the temperature of theinside radiative shield and the temperature of the optical bench
carry ing the relative gauge.

Inthe actual experiment, a wavelength is divided in 64 equal parts. The servo is used to advance the distance
by one sixt y-fourth of a wave at a time while coveriug several wavele ugths. At each step a few seconds of data are
collected from the interferometers and the temperature sensors simultanecously.
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Figure 8: Relative metrology with cyclic averaging in air
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Figure 9: Relative metrology with cyclic averaging in vacuum
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Figure 10: Relative metrology without cyclic averaging in vacuum
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Figure 11: Relative metrology with multiple cyclic averag
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Figure 12: Relative gauge test configuration
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The average value of each interferometer reading over this timeintervalissubtracted fromn cach other. Since
the laser beamns travel through different parts of the optical components, the systematic errors which are present

cm the interferometer signals are different and do not cancel out when the readings of the two interferometers are
subtracted.

The difference data and the temperature data are filtered using the same cyclic averaging filter described in
our previous paper. This method climinates the systematic errors from the interferometer data and computes the
average temperature for each cyclicly averaged interferometer data

The results of the new test of the relative gauge are shownin the following figures. The piezo-clectric stack on
one Of the corner cubes was moved to scan 6 wavelengths a 633 nanometers in few minutes. The average pressure
inside the chamber during this test was 5 millitorrs.

Fig. 13 shows the twice cyclicly averaged temperature data froin the temperature sensor mounted on the optical
bench carrying the relative gauge.

The twice cyclicly averaged relative gauge output corresponding to three separate consecutive sections of the
temperature curve are shown in the following figures.

Fig. 14 shows the metrology data taken during the time interval with the sinallest change in temperature. The
linear drift corresponding to the misalignment of the' interferome ters is 3.5 picometers per wave of motion. The
residual crror is 0.13 pinrins.

Fig.15 shows the temperature data for the time interval with the sinallest ternperature change. The temmperature
stays within 10 millidegrees K of the average temperature.

Fig. 16 shows the metrology data taken just before the stable tetnperature vegion. The lincar drift corresponding
to the misalignent of the interferometers is 23 picometers per wave of motion. The residual error is 1.85 pm rms.

Fig. 11 shows the metrology data taken just after the stable temperatur € region. The linear drift corresponding
to the misalignment of the interferometers is 8 picometers per wave of motion. The residual error is 0.3 pm rms.

The results shove illustrate the sensitivity of the relative gauge to thermal variations. We are implementing
an automatic alignment system to keep each iuterferometer in the relative gauge set-up optimally aligned during
opcration. The beam launchers of the interferometers arc moved to dither the aligniment of each interferomcter.
From the! collected data, it is possible to compute the the optimal alignment positions of the interferomncters. Chis




Figure 13: Temperature of the optical benchinside the! vacuum vessel
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Figure 14: Relative metrology with stable temperature
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Figure 17: Relative metrology with lessstable temperature (b)
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position is parallel to the line connecting the corners of the corner cubes.

A one dimensional interferometer is not capable of detecting transverse motions of these cubes. A three-
dimensional relative gauge with five independent auto- aligning, one-dimensionalrelative gauges is constructed and
it is currently being tested.

5. CO NCLUSION

The precision ant] the accuracy of the heterodyne interferometer is hinproved to sub-piicometer level. A faster
relative §2U8¢ which sweeps the frequen cy of the laser to iiuplement cyclic averaging is under construction.
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